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ABSTRACT 

This r epor t  d e s c r i b e s  des ign  and process technology employed t o  develop 

mul t i - l aye r  ep i taxy  f o r  high r e l i a b i l i t y  t r a n s i s t o r s .  A l l  of the devices  

generated were NPN t r a n s i s t o r s  w i th  e p i t a x i a l l y  grown c o l l e c t o r  and base 

reg ions  and d i f f u s e d  emi t t e r s .  I n  order  t o  determine the  e f f e c t  of 

va r ious  base widths and r e s i s t i v i t i e s  on swi tch ing  speed and peak power 

c a p a b i l i t y ,  t r a n s i s t o r s  r a t e d  a t  30 amperes were designed, f a b r i c a t e d ,  

and eva lua ted .  The r e s u l t i n g  information was used t o  e s t a b l i s h  cond i t ions  

f o r  t he  100-ampere f i n a l  samples. The e p i t a x i a l  techniques employed 

y i e lded  e s s e n t i a l l y  d e f e c t - f r e e  ma te r i a l  which i s  a r e q u i s i t e  f o r  l a r g e  

a rea ,  h igh  power t ransis  t o r s .  

X-ray d i f f r a c t i o n  topographic s t u d i e s  were made t o  check the  m a t e r i a l  

p e r f e c t i o n  and t o  improve t h e  processing. 
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I. INTRODUCTION 

This r epor t  w i l l  d e sc r ibe  the  research  and development conducted by the  

Westinghouse E l e c t r i c  Corporation, Semiconductor Div is ion ,  Youngwood, 

Pa., and t h e  Research and Development Center,  P i t t sbu rgh ,  Pa., t o  develop 

s i l i c o n  power t r a n s i s t o r s  wi th  lower s a t u r a t i o n  r e s i s t a n c e  and wi th  

improved and h igher  r a t i n g  on second breakdown vo l t age  and frequency 

response. This  study was i n i t i a t e d  i n  July 1966 f o r  National Aeronautics 

and Space Administration, G. C. Marshall Space F l i g h t  Center, Hun t sv i l l e ,  

Ala., under Contract NAS8-18125. 

One o b j e c t i v e  was t o  r evea l  t he  secondary breakdown c h a r a c t e r i s t i c s  of a l a r g e  

a r e a  s i n g l e  ch ip ,  mu l t i - l aye r  e p i t a x i a l  100-ampere, 150-volt  t r a n s i s t o r .  

The base th i ckness  and a c t i v e  r eg ion  doping p r o f i l e s  were t h e  major 

parameters under i n v e s t i g a t i o n  f o r  op t imiza t ion  of frequency and secondary 

breakdown performance. 

A. DEVELOPMENTAL SEQUENCE 

I n  o r d e r  t o  o b t a i n  an  adequate number of samples of s e v e r a l  d i f f e r e n t  base 

wid ths  and r e s i s t i v i t y  p r o f i l e s ,  i t  w a s  decided t h a t  t he  30-ampere e p i t a x i a l  

t r a n s i s t o r  be used as a t e s t  veh ic l e .  The geometry and package conf igu ra t ions  

of t h i s  device  a r e  d e t a i l e d  elsewhere i n  t h i s  r epor t .  Although t h e  encapsu- 
I l a t i o n  techniques d i f f e r ,  i t  i s  f e l t  t h a t  t h e  e l e c t r i c a l  resul ts ,  p a r t i c u l a r l y  

peak power o r  secondary breakdown and frequency response, can be c o r r e l a t e d  

d i r e c  t l y  . 
Design c a l c u l a t i o n s  were acquired,  w i t h  t h e  a i d  of a computer program, f o r  

t h r e e  ranges of base widths:  2-4 microns, 10-12 microns, and 18-20 microns. 

R e s i s t i v i t y  p r o f i l e s  f o r  both punch-through and avalanche breakdown were 

obta ined  f o r  a l l  t h r e e  groups. Thirty-ampere samples were processed 

1 



I accord ingly  and t h e i r  e l e c t r i c a l  c h a r a c t e r i s t i c s  were eva lua ted .  On the  

b a s i s  of t h e  resu l t s  obtained, t h e  parameters w e r e  e s t a b l i s h e d  f o r  two 
I s e t s  of 100-ampere f i n a l  samples. 

B. MAJOR ACCOMPLISHMENTS 

One of the  major problems a s soc ia t ed  w i t h  l a r g e  a r e a  devices  i s  t h a t  of 

main ta in ing  junc t ion  uniformity and material homogeneity. This problem 

was solved by c a r e f u l l y  c o n t r o l l e d  e p i t a x i a l  growth techniques and d i f f u -  

s i o n  processes.  A j o i n t  e f f o r t  by t h e  Power Device group of the  

Westinghouse Research and Development Center and t h e  Westinghouse 

Semiconductor Engineering group provided r evea l ing  information through 

the  use  of X-ray topography t o  d i s p l a y  c r y s t a l  de fec t s .  As expected, t h e  

e p i t a x i a l  l a y e r s  were r e l a t i v e l y  d e f e c t - f r e e ;  however, s t r a i n s  were induced 

du r ing  subsequent process ing  which may or may no t  have influenced device  

performance. Processing changes were made i n  an attempt t o  reduce the  

inc idences  of de fec t s .  One such change was t o  suppor t  t h e  wafers horizon- 

t a l l y  on a qua r t z  boat i n s t ead  of s tanding  them i n  a s l o t t e d  quar tz  boat 

du r ing  d i f f u s i o n .  This  s i g n i f i c a n t l y  reduced t h e  number of de t ec t ed  

d e f e c t s .  

Test sets were designed and constructed t o  provide t h e  c a p a b i l i t y  of mea- 

s u r i n g  swi tch ing  times a t  c o l l e c t o r  cu r ren t s  of 75 amperes and t o  determine 

t h e  frequency response of the  s u b j e c t  devices.  

C o r r e l a t i o n  w a s  e s t a b l i s h e d  f o r  base width, frequency response and secondary 

breakdown; the  compromises were resolved and devices  were f a b r i c a t e d  t o  t h e  

optimized parameters. 

2 



11. DESIGN CONSIDERATION 

The main purpose of t h i s  c o n t r a c t  i s  t o  f a b r i c a t e  high power (V = 150V 

and IC = 100A) devices  wi th  good secondary breakdown p ro tec t ion .  

d i scuss ion  i n  t h i s  s e c t i o n  w i l l ,  t he re fo re ,  be mainly confined t o  secondary 

breakdown phenomenon. 

CEO 
The 

A. SECONDARY BREAKDOWN 

From the  po in t  of view of device  design,  t he re  are th ree  fundamental ways 

i n  which t h e  breakdown of t he  co l l ec to r - emi t t e r  vo l tage  t akes  p lace :  

1) avalanche mode; 2) punch-through mode; and 3) olMo 1 mode. These 

were recognized very e a r l y  i n  t h e  development of high power t r a n s i s t o r s  

f o r  high vo l t age  c a p a b i l i t y .  

The avalanche breakdown i s  empir ica l ly  represented as 

0 

where M(v) is  the  m u l t i p l i c a t i o n  f a c t o r ,  w is  the  dep le t ion  l a y e r  width and 

a i ( E )  the  i o n i z a t i o n  rate. 

t i o n  inc reases ,  t he  f i e l d  i n t e n s i t y  a l s o  inc reases ,  which i n  t u r n  increases  

the  i o n i z a t i o n  r a t e .  

i n f i n i t y  and the  c o l l e c t o r  j unc t ion  breaks down. 

As t he  appl ied vol tage  of t h e  c o l l e c t o r  junc- 

When the  i n t e g r a l  i n  (1) becomes un i ty ,  M(v) approaches 

The punch-through vo l t age  i s  def ined  as  the  vol tage  a t  which the  c o l l e c t o r  

d e p l e t i o n  l a y e r  reg ion  reaches t h e  emitter junc t ion  causing a dynamic s h o r t  

c i r c u i t  t o  e x i s t  between emi t t e r  and co l l ec to r .  A t  punch-through, the  

i n j e c t i o n  e f f i c i e n c y  and the  t r anspor t  f a c t o r  are both equal  t o  one and t h e  

c u r r e n t  ga in  of the  t r a n s i s t o r  is  a l s o  equal  t o  one. 

3 



The aM = 1 breakdown can be understood by s tudying the  V - I  c h a r a c t e r i s t i c  

of a t r a n s i s t o r .  The c o l l e c t o r  c u r r e n t ,  IC, i s  r e l a t e d  t o  the  s a t u r a t i o n  

c u r r e n t ,  Is, as 

where IB i s  the base cu r ren t  and a is the  c o l l e c t o r  t o  emitter cu r ren t  

t r a n s f e r  a t  the  corresponding cu r ren t  l eve l .  When approaches one, IC 
approaches i n f i n i t y  and a co l l ec to r - emi t t e r  breakdown w i l l  occur.  This  

i s  r e f e r r e d  t o  as aM = 1 breakdown. 

i s  the  same cond i t ion  f o r  determining t h e  s u s t a i n i n g  vol tage ,  Vs, o r  V 

The m u l t i p l i c a t i o n  f a c t o r  can be expressed empi r i ca l ly  as: 

When the base cu r ren t  is absent ,  i t  

CEO' 

1 M =  
1 - (V/VB)l/" 

when cX+I - 1, V = VCE and hence, 

where h i s  t h e  c o l l e c t o r  t o  base cur ren t  t r a n s f e r  r a t i o  and n is a 

cons tan t  (a 3 f o r  s i l i c o n  NPN t r a n s i s t o r ) .  Once the  &I = 1 breakdown 

vo l t age  is reached, IC w i l l  i nc rease  which i n  t u r n  v a r i e s  a. A t  lower 

c u r r e n t  l e v e l ,  a i nc reases  wi th  cu r ren t ,  Since the  condi t ion  t h a t  &I = 1 

is maintained, an  inc rease  i n  the  va lue  of a r e q u i r e s  a lower va lue  of the  

m u l t i p l i c a t i o n  M. However, a decrease i n  M impl ies  a reduct ion  i n  vol tage  

ac ross  the  u n i t  and a negat ive r e s i s t a n c e  reg ion  ex is t s .  The e f f e c t  of t h e  

nega t ive  r e s i s t a n c e  can be minimized by c o n t r o l l i n g  the  v a r i a t i o n  of a over 

t h e  ope ra t ing  c u r r e n t  range. 

FE 
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It has been found t h a t  the  V-I c h a r a c t e r i s t i c  a t  high cu r ren t  l e v e l s  shows 

a d r a s t i c  decrease i n  the  co l l ec to r - emi t t e r  vo l tage .  This  phenomenon is 

c a l l e d  secondary breakdwn,  which i s  e spec ia l ly  pronounced i n  high speed 

o r  high frequency t r a n s i s t o r s  wi th  high gain.  I n  recent  years  w i th  the 

inc reas ing  number of p w e r  t r a n s i s t o r  manufacturers,  t h i s  was gene ra l ly  

chr i s tened  as secondary breakdwn. 

e n t e r s  i n t o  any of t hese  condi t ions ,  t h i s  type of secondary breakdown 

des t roys  the  un i t .  

Often when the  opera t ion  of t he  device  

It was widely recognized through var ious  i n v e s t i g a t i o n s  t h a t  j unc t ion  un i -  

formi ty  is  extremely important.  

thus  genera t ing  a h o t  s p o t ,  it can cause a l a r g e  proport ion of t he  cu r ren t  

t o  flow i n t o  t h i s  area whi le  t he  r e s t  of t he  junc t ion  serves  a s  a r e s e r v o i r  

due t o  junc t ion  capaci tance.  

on the  scope and a t  the  same t i m e  can cause t h e  local area t o  reach an 

extremely high temperature,  approaching the  melt ing point  of t he  materials. 

T r a n s i s t o r s  wi th  narrow base widths a r e  h ighly  suscep t ib l e  t o  t h i s  phenomenon, 

due probably t o  the  exaggerated e f f e c t s  of p ipes  and/or dimples r e s u l t i n g  

from material o r  processing induced defec ts .  

I f  a l o c a l  a r ea  has higher  cu r ren t  d e n s i t y ,  

This  can  appear a s  a cons tan t  vo l tage  t r a c e  

B. CURRENT GAIN 

For t r a n s i s t o r s  wi th  f a i r l y  narrow base width,  t he  t r anspor t  f a c t o r  is  

c l o s e  t o  u n i t y ;  and, hence, t he  f a c t o r  that:  in f luences  most of t he  cu r ren t  

ga in  i s  the  i n j e c t i o n  e f f i c i e n c y  y. I n  t h e  case of d i f fused  t r a n s i s t o r s ,  

y is  mainly determined by su r face  concentrat ions,  d i f f u s i o n  depths ,  l i f e -  

t i m e  of t he  minor i ty  carriers and the  d r i f t  f i e l d  i n t e n s i t y .  

of y of these  parameters can be determined by so lv ing  the  s teady  s ta te  

c o n t i n u i t y  equat ion  f o r  knawn boundary condi t ions.  

done a t  Westinghouse us ing  a computer program. 

i n j e c t i o n  e f f i c i ency ,  the  t r a n s p o r t  f a c t o r  and cu r ren t  t r a n s f e r  r a t i o  f o r  

g iven  va lues  of su r face  concentrat ions,  d i f f u s i o n  length  and junc t ion  depths ,  

a l s o  t a k i n g  i n t o  cons ide ra t ion  the  e f f e c t  due t o  d r i f t  f i e l d .  

i n j e c t i o n ,  t he  d r i f t  f i e l d  is  due t o  the  b u i l t - i n  concent ra t ion  g r a d i e n t ;  

and a t  h igh  level,  t h e  d r i f t  f i e l d  i s  mainly due t o  t h e  i n j e c t e d  c a r r i e r s .  

The dependence 

This  a n a l y s i s  has  been 

The program computes the  

A t  law-level 

5 



I n  genera l ,  e m i t t e r  e f f i c i e n c y  and cur ren t  ga in  tend t o  inc rease  wi th  

e m i t t e r  cur ren t  a s  recombination consumes less of the i n j e c t e d  c u r r e n t  and 

t o  decrease a t  high cu r ren t  l e v e l s  due t o  an e f f e c t i v e  inc rease  of c a r r i e r  

concent ra t ion  i n  the  base (conduct ivi ty  modulation). These e f f e c t s  combine 

t o  give a ga in  c h a r a c t e r i s t i c  which is  low a t  very low cur ren t ,  rises t o  a 

maximum a t  moderate cu r ren t s ,  and f a l l s  off a t  high cur ren ts .  Gain a t  very 

high cu r ren t  is determined l a rge ly  by emi t t e r  edge length ,  s ince  the  t rans-  

verse  vol tage  drop ac ross  the  base region l eads  t o  crowding of cu r ren t  t o  

the  e m i t t e r  edges. For the  b e s t  u t i l i z a t i o n  of t o t a l  device a rea  a t  high 

cur ren ts ,  t h e  r a t i o  of emi t t e r  edge length t o  emitter a rea  must be reason- 

ably la rge .  Theory and experience both i n d i c a t e  t h a t  t he  cur ren t  dens i ty  

per  u n i t  of emitter edge length should be on the  order  of 4 - 5  amperes per  

inch. Thus, the  s u b j e c t  100-ampere t r a n s i s t o r  r equ i r e s  some 20-25 inches 

of e m i t t e r  edge. 

The cont ro l  of ga in  a t  l o w  and moderate c u r r e n t s  can be achieved by a s u i t -  

ab l e  des ign  of the  o v e r a l l  emi t t e r  a r ea  and of t he  e m i t t e r  doping l e v e l .  

By i nc reas ing  the  t o t a l  emitter area,  recombination i s  made a dominant 

f a c t o r  up t o  h igher  emitter cu r ren t s ;  i n  t h i s  way, the  peak of the  ga in  

curve i s  lowered i n  magnitude and s h i f t e d  t o  higher  cu r ren t  l eve l s .  The 

ga in  f a l l - o f f  i s  thus  reduced and s a t u r a t i o n  vol tage  i s  a l s o  minimized. 

The t o t a l  emi t t e r  a r e a  should the re fo re  be a s  l a rge  as physical  l i m i t a t i o n s  

and switching t i m e  cons idera t ions  permit. 

The fundamental emitter e f f i c i e n c y  can be con t ro l l ed  by the  e m i t t e r  doping 

l e v e l  or ,  i n  t he  case of a d i f fused  emi t te r ,  by the  r e l a t i v e  depth of 

d i f f u s i o n  and the  su r face  concentrat ion,  as is w e l l  known t o  the  indus t ry .  

I n  the  s u b j e c t  device,  t he  e m i t t e r  e f f i c i e n c y  i s  con t ro l l ed  t o  the  lowest 

level c a p a t i b l e  wi th  ga in  requirements;  i.e., t he  doping l e v e l  i n  the  

emitter i s  high enough t o  achieve t h e  des i r ed  gain,  but no higher.  

case  when base width is  wider t he  t r anspor t  f a c t o r  p does lower the  ga in  

due t o  excess ive  recombination. 

2-2Op range is  the re fo re  governed by the ga in  requirement. 

I n  the  

The upper l i m i t  of base width wi th in  the  

6 



C. DESIGN DETAILS 

The s u b j e c t  t r a n s i s t o r  employs the  same emitter geometry as t he  100-ampere 

t r a n s i s t o r  f ab r i ca t ed  f o r  NASA Contract NAS8-5335. The design c o n s i s t s  of 

45 e m i t t e r  f i n g e r s  with a t o t a l  emi t t e r  edge l eng th  equal t o  21 inches  and 

a t o t a l  e m i t t e r  con tac t  a r ea  equal t o  0.5 (in.)  . The d e t a i l e d  dimensions 

of t he  des ign  are Shawn i n  Figure 1. 

2 

The impuri ty  p r o f i l e  i s  a double-epitaxia1,single-diffused p r o f i l e .  

c o l l e c t o r  and base regions are g r a m  e p i t a x i a l l y  and the  e m i t t e r  is formed 

by d i f fus ion .  

The 

The p r o f i l e  of such a s t r u c t u r e  i s  shown i n  Figure 2. 

Deta i led  des ign  c a l c u l a t i o n s  were performed a t  Westinghouse t o  e s t a b l i s h  

the  dependence of breakdown vol tage  and avalanche m u l t i p l i c a t i o n  f a c t o r  on 

device parameters. The r e s u l t s  of a s e t  of c a l c u l a t i o n s  are ShWn i n  

Figure 3. 
as a func t ion  of base width,  WB, and background concent ra t ion ,  

shows the  breakdown vo l t age  f o r  M = 2, M = 1.1 and M = 1.05. 

M = (I! corresponds t o  avalanche breakdown. 

This  f i g u r e  gives  the  punch-through vol tage  and avalanche vol tage  

It a l s o  

The curve f o r  
cB' 

Designs were ca l cu la t ed  f o r  severa l  groups of devices  wi th  base widths i n  

the  range of 2 t o  15 microns and r e s i s t i v i t y  i n  the  range of 0.1 t o  10 

ohm-cm. The parameters used f o r  a t y p i c a l  group a r e :  

3 
E m i t t e r  su r f ace  concent ra t ion  c1 = 1 x atom/cm 

Base doping 

E m i t t e r  depth 

Base width 

Co l l ec to r  th ickness  

3 
C, = 1 x atoms/cm 

L 

2 . 5 ~  

2 . 5 ~  

18P 

The measured and the  calcn,ated values  of the  "reakdown vol tage  of t h i s  

group of t r a n s i s t o r s  are shown i n  Figure 4. Additional e l e c t r i c a l  r e s u l t s  

a r e - d i s c u s s e d  i n  d e t a i l  i n  Sec t ion  VI. 
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Figure 1: 100-Amp Transistor Final Design 
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111. MATERIAL PREPARATION 

A. BACKGROUND - EPITAXIAL DESIGN 

The present  method f o r  producing s i l i c o n  e p i t a x i a l  overgrowth on s i l i c o n  

involves  a c r y s t a l l i z a t i o n  from the  gaseous phase by the  a i d  of the 

chemical r e a c t i o n  between s i l i c o n  t e t r a c h l o r i d e  and hydrogen a t  e leva ted  

temperatures.  

yea r s  f o r  t he  product ion of c r y s t a l s .  

S i m i l a r  such processes  have been used f o r  the  p a s t  100 

The s u b s t r a t e  on which or ien ted  c r y s t a l l i z a t i o n  of a s i n g l e  c r y s t a l  l aye r  

t akes  p lace  need not  c o n s i s t  of a c r y s t a l  i d e n t i c a l  t o  the  c r y s t a l l i z i n g  

substance.  This  f o l l w s  from numerous f a c t s  concerning e p i t a x i a l  over- 
growth t o  which many inves t iga t ions  have been devoted s ince  Frankenheim's (4  ) 

t i m e .  It i s  s u f f i c i e n t  f o r  t he  l a t t i c e  of t he  s u b s t r a t e  t o  possess the  

necessary met r ic  and energy c a n p a t i b i l i t y  wi th  the  c r y s t a l l i z i n g  substance 

or  even f o r  i t s  su r face  t o  be compatible i n  me t r i c  and energy r e spec t s  

wi th  a t  l e a s t  one p r i n c i p a l  fo rce  of the c r y s t a l l i z i n g  substance.  The 

k i n e t i c s  and r e g u l a r i t i e s  of such growth were thoroughly s tud ied  by 

D a n k ~ v ' ~ )  who formulated the  p r inc ip l e  of c rys t a l log raph ic  correspondence. 

The f i r s t  s t a g e  i n  c r y s t a l  growth f r a n  the  vapor phase must  be the  forma- 

t i o n  of a nucleus. This  i s  t h e  smallest  number of atoms capable of sus- 

t a i n i n g  f u r t h e r  growth, u n i t s  smal le r  than t h i s  tend t o  evaporate.  This  

r e q u i r e s  molecules t o  condense i n t o  c l u s t e r s  and grow u n t i l  a c r i t i c a l  s i z e  

has been passed. Clear ly ,  i f  t he  pressure of t he  molecules is very high, 

i .e . ,  i f  t he  vapor i s  supersa tura ted ,  then  the re  w i l l  be increased tendency 

f o r  t he  molecules t o  condense i n t o  c l u s t e r s  and grow i n t o  nuc le i .  The 

s u p e r s a t u r a t i o n  requi red  f o r  growth of a nucleus may be very high;  indeed, 

i t  can be shown supe r sa tu ra t ions  of about 50% may be necessary.  Supersatura-  

t i o n  i s  usua l ly  def ined  a s  a where 

a - - e - l  
PO 

(4) L. M. Frankenheim, Poggend. Ann., 37,516 (1936). 
(5) P. D. Dankov, "Proc. of t he  Second Conf. on the  Corrosion of Metals," 

2, 120 (1943). 
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p = pressure  of vapor 

= equi l ibr ium vapor pressure  of t he  
condensed phase a t  t h a t  temperature. PO 

Once formed, t he  nucleus begins t o  grow. A t o m s  from the  vapor c o l l i d e  

wi th  the  nucleus,  d i f f u s e  over t he  sur face  u n t i l  they e i t h e r  f i n d  a 

s u i t a b l e  s i te  o r  f l y  off i n t o  the  vapor again.  A t o m s  condensing on the  

su r face  lo se  l a t e n t  hea t  causing the  sur face  t o  be a t  a higher  tempera- 

t u r e  than the  bulk of t he  c r y s t a l .  

than t h e  bulk temperature have been suggested by Wilman(6) a s  a f a c t o r  

c o n t r i b u t i n g  t o  the  mobi l i ty  of atoms on the  sur face .  

Surface temperatures 100°C higher  

A t o m s  condensing on the  sur face  w i l l  p r e fe r  sites wi th  a maximum number 

of nea res t  neighbors because a t  such s i t e s  t he  bonding energy is  a t  a 

maximum. Occupation of such si tes would produce c lose  packed su r faces  

over t he  nucleus. A t  t h i s  po in t ,  f u r t h e r  condensation becomes d i f f i c u l t .  

For f u r t h e r  growth, s u f f i c i e n t  atoms m u s t  come toge ther  t o  form an i s l a n d  

"nucleus" on the  c lose  packed sur face .  

l a t e r a l l y  t o  the  ex t r emi t i e s  of the sur face  and then f o r  f u r t h e r  growth 

another  nucleus must be formed. This  process i s  similar t o  the formation 

of the  o r i g i n a l  nucleus. 

Once formed, t he  i s l a n d  may grow 

The concept of growth by two dimensional nuc lea t ion  has been considered 

by s e v e r a l  workers and i t  i s  poss ib le  t o  es t imate  the  r a t e  of nuc lea t ion ;  

i.e.,  t he  r a t e  of formation on monolayer i s l a n d s  and a l s o  t o  es t imate  the  

degree of supe r sa tu ra t ion  required t o  cause de t ec t ab le  growth. The theo- 

r e t i c a l  va lue  of the  l a t t e r  i s  of t he  order  of 25 t o  50%. However, i n  

p r a c t i c e ,  i t  has been found t h a t  c r y s t a l s  may grow a t  low supe r sa tu ra t ion  

of about 1%. This  anomaly was explained by Frank(7) who proposed the  

mechanism of c r y s t a l  growth which follows. 

are added onto  the  s t e p s  of a screw d i s loca t ion ,  a c lose  packed su r face  of 

t he  type descr ibed i n  the  previous paragraph was never formed but  i n s t ead  

a growth s p i r a l  r e su l t ed .  

( 6 )  H. I.Jilman, "Proc. Phys. SOC.," London, 1368, 474 (1955). 
(7) F. C. Frank, "Disc. Faraday SOC.," No. 5, 48 (1949). 

He pointed out  t h a t  i f  atoms 

It should be r e a l i z e d  t h a t  the  o r i g i n  of 
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d i s l o c a t i o n s  and growth s p i r a l s  i s  not completely understood. 

c r ea t ed  i n  t h e  nucleus by thermal a g i t a t i o n  or mechanical deformation o r  

introduced dur ing  subsequent development of the  nucleus.  This  sugges ts  

t h a t  the  d i s l o c a t i o n  dens i ty  can be reduced i f  condi t ions  dur ing  growth 

are made a s  f r e e  from f l u c t u a t i o n s  (thermal and mechanical) as poss ib le .  

They may be 

Since the s u b s t r a t e  acts a s  an i n i t i a l  "nucleus" i n  e p i t a x i a l  overgrowth, 

i t  must be expected t h a t  the  p e r f e c t i o n  of overgrowth would depend upon 

the  c rys t a l log raph ic  o r i e n t a t i o n  of the subs t r a t e .  This  has been observed 

i n  germanium where i t  was found t h a t  t h e  ra te  of germanium overgrowth was 

dependent on t h e  s u b s t r a t e  c r y s t a l  o r i e n t a t i o n  f o r  t he  most densely packed 

f aces  C110>, <ill>, and <loo>. 
i n  t h e  planes of these  f a c e s ,  condensing atoms w i l l  be o r i en ted  i n  the  

c o r r e c t  way. 

Owing t o  t h e  s t rong  bonding f o r c e s  a c t i n g  

The p e r f e c t i o n  of overgrowth a l s o  depends on the  temperature of the  sub- 

s t ra te .  It has been found t h a t  s i l i c o n  overgrowths prepared a t  a s u b s t r a t e  

temperature  of 127OOC show a h igh  order  of p e r f e c t i o n  whi le  the  overgrowths 

prepared a t  1175OC are less pe r fec t .  

depos i t i on ,  the high-surface mobi l i ty  of s i l i c o n  atoms a t t a i n e d  a t  127OOC 

i s  e s s e n t i a l  f o r  good f i l m  per fec t ion .  The high-surface mobi l i ty  of s i l i c o n  

atoms enab le s  them t o  d i f f u s e  over the sur face  and to  f i n d  c o r r e c t l y  o r i en ted  

pos i t i ons .  

These r e s u l t s  suggest  t h a t  dur ing  

A f u r t h e r  requirement f o r  the  prepara t ion  of good e p i t a x i a l  overgrowth is 

t h a t  t h e  s u b s t r a t e  m u s t  be f r e e  from su r face  defec ts .  

case of s i l i c o n  good e p i t a x i a l  overgrawth cannot be obtained i n  the  presence 

of a s u b s t r a t e  su r face  oxide. The l a t t e r  provides  nuc lea t ion  sites f o r  

p o l y c r y s t a l l i n e  growth. 

For example, i n  the  

I n  t h e  e p i t a x i a l  overgrowth of s i l i c o n ,  the depos i ted  s i l i c o n  i s  produced 

by the  hydrogen reduct ion  of ha los i l anes  such a s  s i l i c o n  t e t r a c h l o r i d e ,  t he  

r educ t ion  of which may be represented  by the  simple equat ion:  

SiC14 + 2H2 c S i  4- 4HC1. 
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This  equat ion  does not p r e d i c t  t h e  observed y i e l d  of o t h e r  ch lo ros i l ane  

compounds o r  t h e  y i e l d  of high molecular weight polymers of t he  homo- 

logous series (SiC12)xH2, such as Si10C120H2, found as a condensate on 

the  r e a c t i o n  w a l l s .  To account: f o r  the  r e a c t i o n  products ,  i t  is  p o s s i b l e  

t o  formulate numerous equat ions  which represent  poss ib l e  r e a c t i o n  mech- 

anisms. The s tandard  f r e e  ene rg ie s  f o r  a few of t hese  r e a c t i o n s  have 

been c a l c u l a t e d  (See Table I ), and i t  may be seen  t h a t  a l l  a r e  thermo- 

dynamically poss ib le .  An i n v e s t i g a t i o n  has  been c a r r i e d  out t o  e v a l u a t e ,  

by means of gas  chromatography, the  r e a c t i o n  products of t he  s i l i c o n  

t e t r a c h l o r i d e  and hydrogen r eac t ion .  

It has  been found t h a t  t he  e p i t a x i a l  overgrowth ra te  of s i l i c o n  i s  

e f f e c t e d  by fhe  hydrogen t o  s i l i c o n  t e t r a c h l o r i d e  molar r a t i o  and also 

t h e  hydrogen flaw rate. The causes f o r  t h e s e  e f f e c t s  a r e  no t  understood 

canp le t e ly .  

a c t i v a t i o n  energy found f o r  the  hydrogen-sil icon t e t r a c h l o r i d e  r e a c t i o n  

and r educ t ion  i n  growth ra te  found by inc reas ing  t h e  molar r a t i o  above 

0.1 t h a t  t h e  fo l lowing  mechanism is  poss ib le .  F i r s t  t h e r e  i s  adso rp t ion  

of a s i l i c o n  subchlor ide ,  probably t h e  f r e e  r a d i c a l  SiC13, on t h e  s u b s t r a t e  

s u r f a c e  and t h i s  i s  followed by l o s s  of ch lo r ine  by r e a c t i o n  wi th  hydrogen. 

However, t h e  occurrence of adso rp t ion  phenomena a t  high temperatures seems 

doubt fu l  and u n t i l  f u r t h e r  work has  been c a r r i e d  out,  p a r t i c u l a r l y  on t h e  

i d e n t i f i c a t i o n  of r e a c t i o n  products,  the k i n e t i c s  of t h e  r e a c t i o n  of 

hydrogen wi th  s i l i c o n  t e t r a c h l o r i d e  w i l l  remain obscure. 

It has  been suggested t h a t  owing t o  t h e  r e l a t i v e l y  high 

B. REQUIREMENTS FOR EPITAXIAL GROWTH 

The e p i t a x i a l  s u r f a c e  requirements f o r  t h e  l a r g e  area t r a n s i s t o r s  a r e  

s t r i n g e n t ;  no d e f e c t s  are t o l e r a b l e  Over the  e n t i r e  a c t i v e  region. Small 

area dev ices  can t o l e r a t e  s e v e r a l  d e f e c t s  s i n c e  these  u n i t s  can be d i s -  

carded. However, t he  presence of one d e f e c t  i n  a l a r g e  area conf igu ra t ion  

would n u l l i f y  t h e  u n i t  because of t h e  r e s u l t a n t  low vol tage  o r  s h o r t  

c h a r a c t e r i s t i c s .  It has been determined t h a t  a l l  e p i t a x i a l  d e f e c t s  o r i g i -  

na te  a t  t h e  s u b s t r a t e  e p i t a x i a l  l a y e r  i n t e r f a c e  and a r e  dependent on s u r f a c e  

c l e a n l i n e s s ,  s u b s t r a t e  p e r f e c t i o n  and system pur i ty .  



TABLE I 

Standard Free Energies  for Typical  Reactions 

Reaction 

S i c l 4  + 2H2 -- S i  + 4HC1 

SiC14 + S i  = 2SiC12 

SiC12 + H2 = S i  + 2HC1 

Standard Free Energy 
for Rgaction 

a t  1533A (1270OC) 

-1.9 Kcal/mol 

- 2 . 2  

-1 .2  
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1. Subs t r a t e s  

The s u b s t r a t e s  used f o r  t hesub jec t  devices a r e  degenerate i n  t h a t  they 

a r e  heav i ly  doped wi th  impur i t i e s .  The doping l e v e l  of t h e  s u b s t r a t e  

was s e l e c t e d  t o  o b t a i n  t h e  designed s a t u r a t i o n  vo l t age  c h a r a c t e r i s t i c s .  

Heavily doped s u b s t r a t e s  i nhe ren t ly  contain s u f f i c i e n t  impur i t i e s  t o  

d i s t o r t  t h e  c r y s t a l  l a t t i c e .  D i s t o r t i o n s  caused by p r e c i p i t a t e s  o r  

i n c l u s i o n s  w i l l  not p e r m i t  a s u f f i c i e n t l y  good l a t t i ce  match f o r  d e f e c t -  

I f r e e  e p i t a x i a l  growth. These d i s t o r t i o n s  can be e l imina ted  by c a r e f u l  

s e l e c t i o n  of t h e  parent  c r y s t a l  growth condi t ions  and the  type of dopant. 

Evaluation of t h e  s u b s t r a t e  material i s  accomplished by examination of 
I 

I t h e  chemically pol i shed  s u r f a c e  p r i o r  t o  e p i t a x i a l  gruwth. A chemically 

polished su r face  was employed f o r  t h i s  device t o  in su re  a damage-free 

s u r f a c e  and t o  permit microscopic examination of t he  su r face  before  growth 

was i n i t i a t e d .  

2. S u b s t r a t e  P repa ra t ion  

P repa ra t ion  of t h e  s u b s t r a t e  material before e p i t a x i a l  growth i s  a decid-  

i n g  f a c t o r  i n  producing d e f e c t - f r e e  e p i t a x i a l  l aye r s .  Heavy metal 

i m p u r i t i e s ,  such as aluminum o r  i ron ,  a r e  r e t a i n e d  by the  s u b s t r a t e  a f t e r  

I t h e  s l i c i n g  and doping opera t ions .  These can g ive  r i s e  t o  f o r e i g n  

n u c l e a t i o n  si tes dur ing  t h e  growth process. 

do  no t  e f f e c t i v e l y  remove t h e s e  heavy metals. However, chemical techniques,  

such as reactive c h l o r i d e  ac ids ,  convert  most heavy metals t o  water s o l u b l e  

metal c h l o r i d e s  and are e a s i l y  removed by subsequent r i n s i n g  i n  deionized 

water. 

Wetting agents  o r  s o l v e n t s  

3. Epitaxial System P u r i t y  

E p i t a x i a l  growth p e r f e c t i o n  is  a l s o  dependent on system p u r i t y ;  t h a t  is, 

t h e  environment i n  which the  chemica1,reduction of t h e  h a l i d e  t akes  place.  

a. Gas System -- The gases used i n  t h e  e p i t a x i a l  process must be 

The hydrogen used f o r  t h e  r educ t ion  is  passed through a of good q u a l i t y .  

Deoxo u n i t  t o  remove traces of oxygen and then  through a d r y e r  t o  remove 

mois ture  t o  a level of less than  lppm. A l l  gases  are f i l t e r e d  through sub- 

micron f i l t e r s  t o  remove f o r e i g n  p a r t i c l e s  before  they e n t e r  t h e  r e a c t i o n  

chamber. 
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The c o n t r o l  of the  gases ,  t he  va lv ing  and t h e  p ip ing  requi red  t o  mix and 

d i l u t e  are a l l  done i n  a system t h a t  i s  l eak  proof. 

cons t ruc t ion  are Tef lon  and qua r t z  t o  maintain gas p u r i t y  p r i o r  t o  t he  

r e a c t i o n  chamber. 

The m a t e r i a l s  of 

b. Reactor -- A h o r i z o n t a l  RF heated e p i t a x i a l  system w a s  used 

f o r  a l l  t h e  t r a n s i s t o r  s u b s t r a t e s  (Figure 5 ). The susceptor  was a 

pure grade of g r a p h i t e  coated wi th  s i l i c o n  carb ide .  The s i l i c o n  ca rb ide  

i s  depos i ted  on the  g raph i t e  under t h e  same cond i t ions  requi red  f o r  e p i -  

t a x i a l  gruwth t o  i n s u r e  a noncontaminating o r  d e f e c t  c o n t r i b u t i n g  source. 

The r e a c t o r  tube was of quar t z ,  and t h e  suscep to r  i s  supported on a quar tz  

s l e d .  

p re s su re  hood t o  minimize d u s t  or  environmental p a r t i c l e s  from contamin- 

a t i n g  t h e  s u r f a c e s  of the  sl ices.  

Reactor tube  and susceptor  loading is accomplished i n  a p o s i t i v e  

c. E p i t a x i a l  Procedure -- The e p i t a x i a l  procedure f o r  t he  30 and 100 

amp device  c o n s i s t s  of hea t ing  the  s u b s t r a t e s  t o  12OO0C i n  a f i l t e r e d  dry 

hydrogen atmosphere. Pure gaseous HC1 is introduced t o  e t c h  the  sub- 

strates p r i o r  t o  growth. The r e a c t i o n  of HC1 and s i l icon is  t h e  r eve r se  

of t h e  d e p o s i t i o n  r e a c t i o n  and permits the  removal of t h e  environmental 

work damage caused by chemical polishing. 

4 H C l  + S i  ---> SiC14 + 2H2 

S u f f i c i e n t  s i l i c o n  is removed t o  in su re  a l a t t i ce  match f o r  t h e  growth 

opera t ion .  

The HC1 procedure is  followed wi th  a pure hydrogen t rea tment  a t  120OOC 

t o  c l e a n  o u t  t h e  r e a c t i o n  a r e a  of any ch lo r ides  which could act  as 

n u c l e a t i o n  sites. 

range of 8-12 ohm-cm is depos i ted  t o  the  r equ i r ed  th ickness .  

i 8  t h e n  depos i t ed  i n  s i t u  t o  t h e  des i r ed  th i ckness  and t h e  r e s i s t i v i t y  is 

c o n t r o l l e d  w i t h  diborane gas as t he  dopant. Af t e r  t h e  P+ depos i t i on ,  t h e  

system is purged wi th  pure hydrogen t o  remove t h e  dopant and h a l i d e  t r a c e s .  

The system is  then  cooled f o r  t h e  removal of t he  s u b s t r a t e s .  

A l a y e r  of N-type conduct iv i ty  i n  t h e  r e s i s t i v i t y  

A e l a y e r  
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C. MATERIAL REQUIREMENTS 

Crys t a l  Spec i f i ca t ions :  

N-type 

R e s i s t i v i t y :  .008-.01 ohm-cm 

Radial  r e s i s t i v i t y  grad ien t :  157. (Max.) 

Diameter: 1.3" +, .001" 

Di s loca t ion  dens i ty  : 0-200/cm2 

Or ien ta t ion :  w i th in  2O of the  (111) 

Lifet ime:  as high as poss ib l e  

Lineage: None 

Other imperfect ions:  None 

D. EVALUATION OF MATERIAL 

1. Conductivity 

This  measurement determines the  majori ty  c a r r i e r s  i n  t h e  s i l i c o n  c r y s t a l .  

Two methods a r e  employed a t  t h i s  labora tory  -- thermoelec t r ic  cold probe 

method (See Figure 6 ) and the  po in t  contac t  r e c t i f i e r  method. 

2. Resistivity 

The r e s i s t i v i t y  i s  measured every inch dawn the  length of each c r y s t a l  t o  

i n s u r e  the  accuracy of reading supplied by the  supp l i e r .  A F e l l ' s  fou r -  

po in t  probe is  u t i l i z e d  f o r  t h i s  opera t ion ;  a probe spacing of 0.025" i s  
used. Figure 7 i l l u s t r a t e s  t h e  assembled equipment employed f o r  r e s i s -  

t i v i t y  measurements. 

3. Radial Resistivity Gradient 

This  measurement is  made employing the equipment seen i n  Figure 7 . 
measurement i s  made on a s i l i c o n  s l i c e  using a 0.025" F e l l ' s  four-point  

probe. 

c a l c u l a t e d  f r a n  the  d a t a  obtained. This is t o  i n su re  a uniform d i s t r i b u t i o n  

of dopant atoms i n  the  s l i c e .  

This  

Readings are made i n  the  center  and a t  1/2 r ad ius ,  and the  g rad ien t  
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4. Diameter 

This  ma te r i a l  i s  c e n t e r l e s s  ground by the  s u p p l i e r  t o  our s p e c i f i c a t i o n .  

Buying the  ma te r i a l  t o  s i z e  e l imina te s  the necess i ty  of cavi t roning ,  e t ch -  

i ng  o r  sandblas t ing  p r i o r  t o  e p i t a x i a l  growth. 

5. Dis loca t ion  Density 

This  parameter i s  checked on both t h e  seed and the  end of t he  c r y s t a l  

oppos i te  t he  seed. These slices a r e  etched i n  chromium t r i o x i d e  t o  

revea l  t he  e t ch  p i t s ,  and a count i s  then made t o  determine the  number/cm2. 

Figure 8 i l l u s t r a t e s  t he  microscope used t o  count t he  e t c h  p i t s .  

6 .  Orien ta t ion  

A photograph of t he  o r i e n t a t i o n  apparatus i s  shown i n  Figure 9 .  The 

primary ob jec t ive  is  t o  insu re  t h a t  a f t e r  sawing the re  w i l l  be a round 

s l i c e  of Oo on the  (111). 

7. Lifet ime 

The l i f e t i m e  equipment is  i l l u s t r a t e d  i n  Figure 10, which is  a photo- 

conductive decay instrument.  The c r y s t a l  is  f i r s t  degreased, washed 

wi th  pure water  and d r i e d ,  the ends of the  c r y s t a l  a r e  then gold p l a t ed  

t o  i n s u r e  good e l e c t r i c a l  connection when i t  i s  placed i n  the  above 

equipment. Knawn l i f e t i m e  s tandards a r e  checked d a i l y .  

8 .  Lineage 

One slice i s  taken from the  end of the  c r y s t a l  opposi te  t he  seed. This  

s l i c e  is  then  lapped using 12 micron g r i t  s i z e .  Following lapping i t  i6 

degreased and cleaned. 

and CrpOg (1 : l : l )  f o r  5 minutes. 

and the  c a n t  reported i n  e t c h  pi te lcm . 
The s l i c e  i s  then placed i n  a mixture of HF, H20, 

The e tch  p i t  count is then made a t  200X 
' 2  

9. Other ImPerfections 

The s l ice  used i n  ( 8 )  i s  then rclapped to  remove the  e t ch  and i s  then 

re-etched but i n  a 10% s o l u t i o n  of sodium hydroxide f o r  a s t r u c t u r a l  
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examination o f  t h e  s l ice ,  where the  primary imperfec t ion  might be t w i n -  

poly i n c l u s i o n s  or s l i p .  

E. MATERIAL PREPARATION 

1. A f t e r  t h e  m a t e r i a l  has been evaluated and found t o  be i n  accordance 

wi th  s p e c i f i c a t i o n ,  i t  goes t o  t he  s l i c i n g  area. Here the s i l i c o n  c r y s t a l  

i s  s l i c e d  w i t h  a Hamco saw (See F igure  l l ) ,  which according t o  our i n v e s t i -  

g a t i o n ,  g ives  the  b e s t  su r f ace  f i n i s h .  

2. The s l i c e s  are then  forwarded t o  the  lapping  a r e a  where approxi- 

mately 2 m i l s  are removed from each s i d e  of t he  s l i c e  with a Hoffman 

p lane ta ry  lapping machine (See Figure 12) .  

approximately 12 micron g r i t  s i z e ,  which leaves  a mat sur face .  

The lapping  s l u r r y  used i s  

3. The lapped slices are cleaned and chemically polished i n  a 15:5:3 

mixture of n i t r i c  a c i d ,  a c e t i c  a c i d  and hydro f luo r i c  ac id ,  r e s p e c t i v e l y .  

A r o t a t i n g  t a b l e  i s  used f o r  t he  chemical po l i sh ing  ope ra t ion  t o  minimize 

edge rounding and "orange pee l  ." 
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I V  . X-RAY TOPOGRAPHIC STUDIES 

A. TECHNIQUES 

I n  r ecen t  years ,  t he re  has been a rap id ly  growing i n t e r e s t  i n  the  uee of 

X-ray topography a s a  t o o l  f o r  the nondestruct ive assessment of imper- 

f e c t i o n s  i n  semiconductor and o ther  c r y s t a l s .  

u t i l i z e s  the  phenomenon of enhanced d i f f r a c t i o n  from damaged regions of 

the  c r y s t a l  l a t t i c e .  

i t  provides a highly s e n s i t i v e  means of q u a l i t y  assessment. The s i n g l e -  

c r y s t a l  sample t o  be s tud ied  is i r r a d i a t e d  by a high i n t e n s i t y ,  p a r a l l e l  

beam of monochromatic X-rays a t  an  angle which permits a s t rong  Bragg 

r e f l e c t i o n  t o  be recorded on a photographic p l a t e .  

t o  be formed; the  c m t r a s t  e f f e c t s  i n  t h i s  image may be r e l a t e d  d i r e c t l y  

t o  s p e c i f i c  imperfect ions i n  the  c r y s t a l  sample. 

apparatus  is  shown i n  Figure 13 wi th  a Lang camera mounted on the  r i g h t -  

hand po r t ion  of t he  micro-focus X-ray generator .  

The method, i n  p r inc ip l e ,  

Although l imi t ed  i n  r e s o l u t i o n  t o  the  micron range, 

This  permits  an image 

A photograph of t he  

B. RESULTS 

The in f luence  of two processing techniques was revealed by the  X-ray 

s t u d i e s .  

It can be seen  t o  be e s s e n t i a l l y  d i s l o c a t i o n  f r ee .  

c e n t e r  is a l i n e a r  arrangement of four  small spo t s  separa ted  by 25 m i l s .  

This  i s  the  damage caused by t e s t i n g  with a four -poin t  probe. 

quences of t h i s  damage a r e  revealed i n  Figure 15 which shows t h i s  wafer 

a f t e r  oxidat ion.  

innumerable d i s loca t ions .  

subsequent t reatments .  

Figure 15 shows a wafer with only the  e p i t a x i a l  l a y e r  present .  

However, near  t he  

The conse- 

The damaged reg ion  has ac ted  a s  a source t o  generate  

This  cen t r a l  region d e t e r i o r a t e s  f u r t h e r  during 

The o r i g i n  of o t h e r  d i s l o c a t i o n s  is shown i n  a comparison of Figures  16 and 

17. The former i s  a wafer which has undergone processing while  s tanding  on 

edge and the  l a t t e r  i s  a wafer t r ea t ed  while  l y ing  f l a t .  

d e n s i t y  of d i s l o c a t i o n s  is present  i n  both wafers  i n  the  c e n t r a l  probed 

region,  t he  second shows much fewer in o the r  regions.  

Although a high 

It i s  concluded t h a t  
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Figure 14: Topograph of Starting Wafer 
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Figure 15: Topograph of Wafer After Oxidation 
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Fibre  16: Topograph of Wafer Processed While Standing on Edge 
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Figure 17: Topograph of Wafer Proceeeed While Lying Flat 
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many d i s l o c a t i o n s  r e s u l t  from the s t r a i n  exe r t ed  by s tanding  a wafer on 

edge while  undergoing thermal processing. 

C. DISCUSSION 

The u l t ima te  ob jec t ive  d the  X-ray s t u d i e s  i s  t o  c o r r e l a t e  device  degrada- 

t i o n  w i t h  d e f e c t s  e i t h e r  i n  the s t a r t i n g  m a t e r i a l  o r  process  induced. I n  

t h e  p re sen t  s tudy,  t he  r e s u l t s  have been dominated by two major types of 

process  damage which may have l i t t l e  d i r e c t  bear ing on the  na tu re  of t he  

c o r r e l a t i o n  sought as they may be d i s t r i b u t e d  through t h e  bulk of t he  

wafer. The f i r s t  i s  the  inf luence  of probe damage. The second is appar- 

e n t l y  due t o  edge d i s l o c a t i o n s  generated by p l a s t i c  deformation, r e s u l t i n g  

from the  sample p o s i t i o n  during processing. 

or e l imina ted  and/or the X-ray technique modified. 

s tudy of the  more s u b t l e  e f f e c t s  assoc ia ted  wi th  the  var ious  processing 

s t a g e s  and subsequent c o r r e l a t i o n  wi th  device  performance. 

Both types can  be minimized 

This  would permit 
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V. FABRICATION 

A. PROCESSING 

The initial phase of this study involved the fabrication and evaluation of 

30-ampere epi base transistors. 

inches of emitter edge on a chip 250 mils square. 

chart showing the process sequence. 

the 30- and 100-ampere versions will be discussed in later sections. 

Figure 19 is a flaw chart for the 100-ampere transistor. 

The transistor geometry utilized has 2.9 
Figure 18 is a flow 

Encapsulation and evaluation for both 

The first process step after epitaxial growth is oxidation. 

of this operation is to provide a Si02 layer thick enough to mask against 
subsequent diffusions. The first diffusion is a BBr3 diffusion which 

serves to reduce rbb'. For the 100-ampere transistor, this diffusion is 

done nonselectively. 
selective and nonselective P+ regions. The region serves to reduce 

'CE (sat ) 
device. 

The purpose 

Thirty-ampere transistor8 were fabricated with 

but has no effect upon the secondary breakdown performance of the 

Prior to this diffusion operation, the wafers are subjected to a thorough 
pre-diffusion cleaning. This consists of soaking the wafers in hot sul- 

furic acid, hot nitric acid and hot filtered deionized water. The wafere 

are then blown dry with filtered nitrogen and loaded onto the diffusion 
boat. 

tion. 

dust-free atmosphere with controlled humidity and temperature. 

This sequence is repeated inmediately prior to each diffusion opera- 

The actual diffusion and photomasking operations are performed in a 

The rbb' reducing P+ deposition is done at ~ O O O ~ C  for 5 minutes in an 

atmosphere of BBr3 (g)j N2(g) and 02(g). 

etching in hydrofluoric acid. The wafers are cleaned and oxidized for 
30 minutes at 120OoC in an atmosphere of H 0 

The resulting oxide is removed by 

This produce6 
2(g) 

and 0 
2 (g) 
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30 AMP 'EPI BASE' --.. TRANSISTOR - 
STARTING MATERIAL 
- 0 L a C M  N TYPE. Sb DOPED 
CHEMICALLY POL1 SHED 
6 - 7  MILS THICK 

EPITAXIAL GROWTH 
N- 204 i l- ILCM. 

.S JI. CM- 

BORON DEPOSITION $ 0  X I OAT I ON 

OXIDATION - 1 2 O O o C  30 MIN. 
P+ P = LSOn/ l3  
P+ REDUCES rbb' 

B8r3  DEPOSITION- lO0Ooc S MlNc 

XJ = 1 4  

'+ EMITTER MASKING f DIFFUSION 
POCL3 DEPOSITION - 1150 Oc I S  MIN. 
OXIDATION- 1 1 0 0 O C  11 MIN. 
N+ 9 = 2 n / n  Xjz3.34 wg =3.oy 

CONTACT MASKING # M O A T  ETCHING 
AL. EVAPORATION 40,000 Ao 

(N +I 

Figure 18: 30-Amp Flow Chart 
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1 0 0 A w .  EPI BASE TRANSISTOR 

T I  STARTlNGMATf RIAL 
.Oincn N TYPE Sb DOPED 
CHEMICALLY POLISHE0 
6 - 7  MILS THICK 

EPITAXIAL GROWTH 
N- 2 0 4  1 1 4 ~ ~ .  
P 5 4  - S R C M -  

I 

I 

BORON DEPOSITION # 0 X I D AT I ON 
BBr3 DEPOSITION - 10bOoc 5 MIN. 
OXIDATION - 1 2 O O 0 C  30 MIN. 

P+ REDUCES r&b' 
p+ P = i son / ,  XJ = 14 

P+ EMITTER MASKING $ DIFFUSION 
POCL3 DEPOSITION- l l S O ° C  is MIN. 
O%IDATION- i L O O ° C  11 MIN. 
N+ f =  2 n / o  XJ=3.3+ Wt)=3 .Oy  

P+ 3 MOUNT SILICON ON MOLYBDENUM 
TEMPERATURE 880° C 

'+ EVAP. AL.# ANGLE BLAST EDGE 
COAT SPIN ETCH, # 

MOLYBDENUM 

Figure 19: 100-Amp Flar Cb.rt 
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an S i 0 2  l a y e r  7000A t h i c k ,  which i s  s u f f i c i e n t  t o  mask a g a i n s t  t h e  sub- 

sequent emitter d i f f u s i o n .  The P region has  a shee t  r e s i s t i v i t y  of 125 + 
I t o  150 ohm/n . 

VEBO 7.5v. 

I f  t h i s  reg ion  were made more concent ra ted ,  rbb'  would be 

reduced s t i l l  f u r t h e r ,  but so would VEW. This  concen t r a t ion  y i e l d s  

I n i t i a l  runs  were made wi th  t h e  wafers  s tanding  up i n  the  d i f f u s i o n  boat.  

Th i s  i s  d e s i r a b l e  from a capac i ty  s tandpoin t .  However, X-ray topography 

s t u d i e s  ind ica t ed  t h a t  d i s l o c a t i o n s  were being generated so t h a t  l a t e r  runs  

were made wi th  the  wafer l ay ing  f l a t  on t h e  d i f f u s i o n  boat. The r e l a t i o n -  

s h i p  between device  performance and these d i s l o c a t i o n s  has not  been 

e s t ab l i shed .  It  is  poss ib l e  t h a t  t hese  d i s l o c a t i o n s  are deep w i t h i n  t h e  

wafer and do  not  e f f e c t  device  p rope r t i e s .  This  sub jec t  i s  d iscussed  i n  

g r e a t e r  d e t a i l  i n  another s ec t ion .  

A f t e r  the  i n i t i a l  ox ida t ion ,  t he  30-ampere t r a n s i s t o r  wafers are ready f o r  

emitter masking. The 100-ampere t r a n s i s t o r  wafers  must now be sandblas ted  

t o  s i z e .  Th i s  i n i t i a l  wafer i s  1.3 inches i n  diameter t o  in su re  e p i t a x i a l  

l a y e r  uniformity.  

are pronounced near t he  edge of a wafer due t o  v a r i a t i o n s  i n  r e a c t a n t  gas 

flows a t  t h e  wafer-gas stream i n t e r f a c e .  This  1.3-inch wafer is sandblas ted  

on a r o t a t i n g  f i x t u r e  t o  .94 inch. This i s  done p r i o r  t o  emitter photo- 

masking t o  in su re  maintenance of t h e  r a d i a l  symmetry of t h i s  device geometry. 

It i s  we l l  known t h a t  v a r i a t i o n s  w i t h i n  e p i t a x i a l  l a y e r s  

The compression bond encapsula t ion  techniques employed n e c e s s i t a t e  p r e c i s e  

l o c a t i o n  of con tac t  regions,  which a r e  f i x e d  by the  emitter mask. 

b l a s t i n g  ope ra t ion  i s  done a f t e r  ox ida t ion  t o  minimize damage t o  t h e  Si 

su r face .  For f u r t h e r  p ro tec t ion ,  t h e  wafer su r face  is  coated wi th  a d e n t a l  

wax dur ing  sandblas t ing .  Af t e r  sandblas t ing  t h e  wafers are cleaned f o r  

photomas king. 

The sand- 
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The purpose of the e m i t t e r  photomasking s t e p  i s  t o  de f ine  the  e m i t t e r  

geometry on the wafer. This  i s  done by s e l e c t i v e l y  exposing a photosen- 

s i t i v e  f i lm  wi th  u l t r a v i o l e t  l i g h t  and subsequently e tch ing  the uncoated 

Si02 wi th  HF. The Si02 t h a t  i s  not removed w i l l  mask aga ins t  the subse- 

quent phosphorus emitter d i f fus ion .  Commercially a v a i l a b l e  KMER is used 

f o r  t h i s  purpose. 

t he  wafer. 

1 minute a t  4000rpm. 

an  a i r  oven. 

alignment f i x t u r e .  

wi th  a developer and then wi th  isopropyl  a lcohol .  

i s  then removed by e t ch ing  i n  a buffered hydrof luor ic  ac id  so lu t ion .  

e t ch ing  i s  complete, the  pho to res i s t  i s  removed with t r i ch lo roe thy lene  o r  

ho t  s u l f u r i c  acid.  

The KMER is forced through a 7p membrane f i l t e r  onto 

-4 uniform f i l m  i s  obtained by spinning the  coated wafer f o r  
, 

I 
The coated wafer is baked f o r  10 minutes a t  95OC i n  

The wafer i s  then al igned and exposed us ing  a conventional 

The unpolymerized resist is  then removed by spraying 

The unprotected oxide I After  

3 (g) ' O2 (8) 
The emi t t e r  d i f f u s i o n  i s  done a t  115OOC i n  an  atmosphere of POCl 

and N 
t h e  des i r ed  base width. 

l l O O ° C .  

d i f fus ion .  

phorus g l a s s .  

s i n c e  t h i s  is determined by the  1150OC P0Cl3 d i f fus ion .  

serve t o  a c t i v a t e  any e l e c t r i c a l l y  inac t ive  phosphorus i n  the  heavi ly  doped 

e m i t t e r  region.  

The t i m e  i s  determined by the e p i t a x i a l  P-layer thickness  and 

After  t h i s  d i f fus ion ,  t he  wafers  a r e  oxidized a t  
2 ( g )  

This  se rves  t o  d i l u t e  t he  phosphorus g l a s s  formed during the  POCl3 

It is d i f f i c u l t  t o  ob ta in  pho to res i s t  adhesion t o  t h i s  phos- 

This  low temperature oxida t ion  doesn ' t  decrease the  base width 

It does, however, 

This  provides g r e a t e r  device s t a b i l i t y .  

The emitter d i f f u s i o n  is evaluated by conventional s ec t ion ing  and r e s i s t i v i t y  

measuring techniques.  

f e r e n t  base  widths. 

Figure 20 shows t yp ica l  c ros s  sec t ions  of t h ree  d i f -  

Contact photomasking se rves  t o  remove the oxide from the  e m i t t e r  and base 

con tac t  areas. 
-6 

d i s c  us ing  a Ag-Pb-Sb so lder .  

Torr  a t  860OC. 

The 100-ampere t r a n s i s t o r s  are then  mounted on a molybdenum 

This i s  done i n  a vacuum of less than  10 
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18 .Ow WB 

Figure 20: Typical Crose Sections 
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Molybdenum mounting is a c r i t i c a l  process s t e p  i n  t h a t  device  performance 

i s  s t r o n g l y  dependent upon a uniform wet t ing  of t he  c o l l e c t o r  area. It 

has been repor ted  t h a t  s o l d e r  vo ids  can cause hot  s p o t s  due t o  c u r r e n t  

crowding du r ing  device  opera t ion .  These h o t  s p o t s  could cause the  u n i t  

t o  f a i l  under t es t .  I t  i s  d i f f i c u l t  t o  determine whether secondary break- 

down or hot  s p o t s  caused device  f a i l u r e  du r ing  conventional eva lua t ion .  

X-ray e v a l u a t i o n  techniques have ind ica ted  the  Westinghouse moly mounting 

technique produces void- f ree  hard so lde r  j o i n t s .  Device f a i l u r e  t h e r e f o r e  
is most o f t e n  caused by secondary breakdown r a t h e r  t han  by t he  hot  spo t  

mechanism r e s u l t i n g  from f a u l t y  mounting. 

The moly mounted 100-ampere devices  and t h e  30-ampere wafers both u t i l i z e  

an  evaporated A 1  f i l m  f o r  ohmic con tac t  t o  the  emitter and base areas. 

The dev ices  are heated t o  5OO0C i n  a vacuum of less than  Torr  w i t h i n  

t h e  evapora tor  t o  in su re  t h e  c l e a n  su r face  necessary f o r  adhesion of t h e  

A 1  t o  t h e  S i  sur face .  The devices  are allowed t o  cool t o  less than  100°C 

befo re  40,000& of A 1  is  evaporated using conventional techniques.  

During inve r se  con tac t  e tch ing ,  i t  i s  necessary t o  p r o t e c t  t h e  moly d i s c  

from a t t a c k  by t h e  A 1  e tch .  The inve r se  con tac t  p h o t o r e s i s t  s t e p  serve& 

t o  remove t h e  nonse lec t ive ly  evaporated A 1  from o the r  than  t h e  prev ious ly  

def ined  con tac t  areas. When t h i s  is done the  wafers are a l loyed  a t  580OC 

i n  a d ry  n i t rogen  atmosphere. 

an  Al-Si e u t e c t i c  i n  t h e  con tac t  areas and in su res  a n  ohmic con tac t .  

Th i s  a l loy ing  s t e p  forms a t h i n  r eg ion  of 

Since t h e  e p i  base technique produces a nonse lec t ive  base reg ion ,  a mesa 
e t c h  is necessary t o  develop t h e  C-B and C-E vo l t ages .  Th i s  i s  done us ing  

convent iona l  p h o t o r e s i s t  techniques. Again i t  i s  necessary t o  p r o t e c t  t h e  

moly d i s c  of t h e  100-ampere t r a n s i s t o r .  Immediately a f t e r  mesa e t c h i n g  a 

p a s s i v a t i n g  s i l i c o n e - a l i z a r i n  c o a t i n g  is appl ied  t o  t h e  exposed C-B junc t ion  

of t h e  100-ampere t r a n s i s t o r .  Af t e r  t h i s  s t e p ,  t h e  100-ampere devices  are 
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ready f o r  t e s t i n g  and encapsula t ion .  After  the  mesa i s  etched on the  30- 

ampere wafer,  the  s l i c e  i s  ready for s l i c e  t e s t ,  s c r i b i n g  and d i ce  tes t .  

E l e c t r i c a l l y  acceptable  t r a n s i s t o r  ch ips  a re  mounted t o  gold p l a t ed  TO-63 
bases and leads  are u l t r a s o n i c a l l y  a t tached before  the  p r o t e c t i v e  coa t ing  

is appl ied  t o  t h e  exposed junc t ion .  The assembly is  now ready f o r  encapsu- 

l a  t ion. 

B. SONTACT DESIGN 

It has long been recognized t h a t  excessive loca l i zed  stresses on a com- 

press ion  bonded device w i l l  cause downgrading o r  even complete f a i l u r e  of 

the  device.  Due t o  t h e  narrow emi t t e r  contac t ing  s u r f a c e ,  the  s u b j e c t  

device  was e s p e c i a l l y  s u b j e c t  t o  excessive loca l i zed  stresses. 

I n  order  t o  spread the  compression fo rce  requi red  f o r  encapsula t ion  over 

the  whole su r face  of the device,  a search was made f o r  a material wi th  

mechanical, e l e c t r i c a l  and thermal c h a r a c t e r i s t i c s  s u i t a b l e  f o r  i n t ima te  

con tac t  w i th  t h e  su r face  of the  device.  One ma te r i a l  t h a t  was r e a d i l y  

a v a i l a b l e  and uniquely s u i t e d  t o  the  requirements was Teflon*, type TFE 
(po ly te t r a f  luorethylene)  . 
The l i t e r a t u r e " )  shows t h a t  p a r t s  made of TFE deform i n  t i m e  a t  a decreas-  

i n g  rate.  

Modules of E l a s t i c i t y . "  

deformation f o r  an  appl ied stress p lus  the amount of deformation t h a t  occurs 

wi th  t i m e .  

mation of TFE occurs  wi th in  the  f i r s t  few hours. The deformation then  l e v e l s  

o f f  t o  a p o i n t  where i t  is neg l ig ib l e .  

This  property can b e s t  be explained by the  concept of "Apparent 

This  concept takes  i n t o  account t h e  i n i t i a l  

A t  a g iven  compressive force  and temperature the  i n i t i a l  de fo r -  

The e l e c t r i c a l  p r o p e r t i e s  of TFE i n  the requi red  th ickness  f a r  exceed the  

e l e c t r i c a l  c h a r a c t e r i s t i c s  of the devices.  Sleeving of Tef lon  i s  

* Registered trademark of E. I. DuPont de Nemours and Company. 

(1) T e f l o n  f luorocarbon r e s i n s ,  Mechanical Design Data, P l a s t i c s  Department, 
E. I. DuPont de Nemours and Company, Wilmington, Delaware; Fluorocarbon 
P l a s t i c s  - Mate r i a l s  and Process Manual, Materials i n  Design Engineering, 
February 1964. 
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a l ready  being used as l ead  Gjire i n s u l a t i o n  i n s i d e  many of t h e  Westinghouse 

t r a n s i s t o r s  and con t ro l l ed  r e c t i f i e r s .  

The above-mentioned l i t e r a t u r e  shows t h a t  TFE i s  useful. from -267°C t o  

+26OoC. Since TFE 

i s  e n e r t  t o  almost a l l  chemical r eac t an t s  i t  is  an i d e a l  substance t o  mate 

t o  t h e  e n t i r e  su r face  of t he  device.  

This  f a r  exceeds the  r a t i n g  of t h e  s u b j e c t  device.  

The c h a r a c t e r i s t i c s  of Teflon were put  t o  good u s e  i n  the des ign  of the  

base and emitter con tac t ing  elements of t h i s  device.  

The emitter contac t ing  element is  shown i n  d e t a i l  i n  Figure 21 . It  con- 

sists of a washer of Tef lon  wi th  a s i l v e r  f o i l  wrapped around the  ou t s ide  

diameter  so t h a t  con tac t  is made on the  bottom wi th  the  emitter con tac t  

a r e a  of the  bas i c  t r a n s i s t o r  and on the top  t o  the  l a r g e r  emitter lead.  

The f o i l  was formed around the  ou t s ide  diameter  of t h e  Teflon washer i n  

t h e  form of an a rch  t o  allow f o r  t h e  s t r e s s - s t r a i n  c h a r a c t e r i s t i c s  of t h e  

Teflon. 

When force  w a s  appl ied  t o  the  Teflon,  it deformed p l a s t i c a l l y  and e l a s t i c a l l y  

i n  a l l  d i r e c t i o n s  t o  conform t o  the  conf igura t ion  of t he  su r faces  which 

opposed it. Th i s  deformation took place a t  a decreas ing  r a t e  so t h a t  i n  a 

s h o r t  per iod  of time a semi-r igid s t a t e  was reached t h a t  t ransmi t ted  the  

f o r c e  of the  B e l l e v i l l e  washers evenly over the  whole su r face  of t h e  

t r a n s i s t o r  element. 

Evidence of t he  deformation has been observed on con tac t s  removed from 

devices  by the  impression of t he  sur face  of the  b a s i c  t r a n s i s t o r  on the  

mating s u r f a c e  of t h e  Teflon washer. 

The base con tac t  (Figure 22 ) was designed t o  make u s e  of the  inward 

expansion of t h e  emitter washer. By machining a reverse  chamfer on the  

base con tac t ,  t he  emitter Teflon was guided over t h i s  chamfer so t h a t  a 
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.855 DIA. 1 

Figure 21: Details of Emitter Contact 
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p a r t  of t h e  f o r c e  appl ied  t o  the  emitter by t h e  Bellevil le washers was 

used t o  apply fo rce  t o  the base contact .  A Tef lon  s l eeve  was i n s e r t e d  

i n t o  the  i n s i d e  diameter  of t h e  emitter lead  t o  i n s u l a t e  t he  base contac t .  

It w a s  very important i n  des igning  t h e  c o l l e c t o r  con tac t ,  t o  keep i n  

mind t h a t  i t  was through t h i s  con tac t  t h a t  t he  hea t  generated w i t h i n  t h e  

bas i c  f u s i o n  flawed t o  be d i s s i p a t e d  i n  t h e  base and hea t  s ink .  This  

requi red  t h a t  the  molybdenum mounting d i s c  of t he  bas i c  f u s i o n  and the  

base be i n  in t ima te  contac t .  To enhance the  in t ima te  con tac t  between the  

bas i c  f u s i o n  and the  base ,  a lead s o f t  s i lver  d i s c  was placed between them. 

The purpose of t h i s  d i s c  was t o  f i l l  as many voids  (due t o  l a c k  of f l a t n e s s  

and su r face  f i n i s h )  as poss ib l e  i n  both the  molybdenum mounting d i s c  and 

pedes t a l  sur face .  

Upon examining the  f o i l  a f t e r  disassembly, t h e  impr in t  of t h e  molybdenum 

and the  base su r face  i r r e g u l a r i t i e s  were c lear ly  v i s i b l e ;  i n d i c a t i n g  t h a t  

t h e  s i lver  f o i l  was performing as intended. 

C. DEVICE COMPONENTS 

The components of the  s u b j e c t  device  a re  shown i n  Figure 

is  a b r i e f  d e s c r i p t i o n  of each. 

23. Following 

1. Base 

Machined from P.D. 135, it provides a threaded s tud  t o  a t t a c h  t o  a h e a t  s ink ,  

a good thermal pa th  from bas i c  f u s i o n  to  h e a t  s ink ,  and a pedes t a l  on which 

the  b a s i c  t r a n s i s t o r  i s  mounted. 

2. I n t e g r a l  Case 

Ex te rna l ly  i t  provides  t h e  hex t o  hold o r  t i g h t e n  the  device  t o  a hea t  s i n k  

and t h e  weld p r o j e c t i o n  t o  which t h e  ceramic-metal seal is welded. I n t e r n -  

a l l y  it l o c a t e s  the  compression canponents and conta ins  the  groove f o r  t h e  

r e t a i n i n g  r i n g  t h a t  maintains  f o r c e  on t h e  device.  
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Figure  23 : Components of 100-Amp Encapsulation 
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3. S i l v e r  Braze 

Means for a t t a c h i n g  the  s i l v e r  d i s c  t o  the pedes ta l .  

4. S i l v e r  F o i l  

Provides the  mounting su r face  f o r  the c o l l e c t o r  s i d e  of t h e  bas ic  fus ion .  

I I t  i s  brazed t o  the  pedes ta l  of t he  base and then machined f l a t .  A 

second s i l v e r  f o i l  i s  used as a cushioning d i s c  t o  allow in t imate  con tac t  

between t h e  s i l v e r  f o i l  on the pedes ta l  and molybdenum of t h e  bas ic  
I 
I dev ice ,  thereby lowering the  con tac t  r e s i s t ance .  

5. E m i t t e r  Contact Assembly 

Cons is t s  of a Teflon washer wi th  a t h i n  s i l v e r  f o i l  wrapped around t h e  O . D .  

t o  make con tac t  t o  the  emi t t e r  lead  on top and the  narrow contac t  su r f ace  

of t he  device.  

6. E m i t t e r  Lead 

This  component t r a n s f e r s  fo rce  t o  t h e  top of the  emitter con tac t  assembly 

and makes contac t  wi th  it .  The c e n t e r  por t ion  enc loses  and l o c a t e s  the 

base  con tac t  components. 

7.  Base Contact 

A s i l v e r  bu t ton  wi th  a r eve r se  chamfer which allows the  Teflon of t he  

emitter con tac t  assembly t o  flow over and up the  chamfer, thereby holding 

i t  i n  p l ace  and providing the  f o r c e  t o  assure  proper contac t .  

8 .  Base Lead Wire 

Provides  t h e  connect ion between the  base con tac t  and ceramic-to-metal 

seal .  

9. Base Contact I n s u l a t i o n  

I n s u l a t e s  t he  base con tac t  from the emi t te r  lead  and he lps  l o c a t e  the  base 

con tac t .  
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10. Base Lead Wire I n s u l a t i o n  

I n s u l a t e s  t he  base lead  wire from the  e m i t t e r  and c o l l e c t o r  portions of 

the  device.  

11. Mica I n s u l a t i o n  

I s o l a t e s  t he  emitter and c o l l e c t o r  regions of t h e  device.  

12. F l a t  Washer 

Provides a f l a t  bear ing  s u r f a c e  f o r  the  Belleville washers; and by exchang- 

i n g  washers of va r ious  th icknesses ,  the  proper fo rce  may be maintained on 

t h e  device.  

13. B e l l e v i l l e  Springs 

Used i n  t h i s  device  as two i n  series t o  provide t h e  requi red  f o r c e  on the  

device.  

14. F l a t  Washer 

A .060" t h i c k  s t e e l  washer used t o  maintain t h e  f o r c e  on t h e  device  a f t e r  

it is  removed from t h e  press .  

15. Reta in ing  Ring 

When f o r c e  i s  app l i ed  t o  the  device i n  t h e  p re s s ,  t h e  r e t a i n i n g  r i n g  is  

snapped i n  p lace  i n  a groove i n  t h e  inner  w a l l  of t h e  i n t e g r a l  case. 

r i n g  prevents  t he  s p r i n g s  fram r e l a x i n g  when fo rce  is removed. 

Th i s  

16. Molecular Sieve 

A mois ture  g e t t e r  t h a t  is placed i n  t h e  device  t o  prevent downgrading due 

t o  mois ture  contamination. 
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17.  Ceramic-To-Metal Seal 

Welded t o  the  i n t e g r a l  ca se ,  it provides a hermetic seal and the  means of 

I a t t a c h i n g  e x t e r n a l  leads  t o  the  emitter and base. 

I D. PRE -ENCAPSULATION PROCEDURE 

A l l  components except  t he  mica i n s u l a t o r s  are thoroughly degreased i n  

I t r i ch lo roe thy lene .  The mica i s  baked and s to red  i n  vacuum a t  1 5 O O C  f o r  12 
I 

hours p r i o r  t o  assembly. 

1. A s i lver  d i s c  i s  placed in s ide  the  i n t e g r a l  case and sea ted  on the  
I pedes t a l  of t he  base. 

2 .  A bas i c  t r a n s i s t o r  element i s  sea ted  on the s i lver  f o i l .  

3. The Tef lon  i n s u l a t i n g  s l eeve  i s  placed over t he  base contac t .  

4. A Tef lon  i n s u l a t i n g  tube i s  placed over the  base lead w i r e .  

5. The base lead  i s  i n s e r t e d  through the  i n s i d e  diameter of t h e  emitter 

Tef lon  con tac t ,  centered and t h e  i n s u l a t i n g  s leeve  (Step 3) i s  sea t ed  

aga ins t  i t ,  

6. The emitter lead  i s  placed over t h e  ga t e  lead w i r e  and t h e  base 

con tac t  and Tef lon  i n s u l a t i o n  sea t ed  i n  t h e  counterbore of t he  i n s i d e  

d i ame t e r  , 

7.  Mica, a .035" t h i c k  f l a t  washer, two Bellevil le sp r ings  i n  series 

wi th  bottom washer concave, and a .060" t h i c k  f l a t  washer are sea ted  i n  

t u r n  on the  top  of the  fusion.  

8. The base wi th  the  loose assembly i s  placed i n  a Carver Laboratory 

P res s  and a f o r c e  of 700-900 l b s .  is appl ied .  

9 .  The r e t a i n i n g  r i n g  i s  snapped i n  p lace  and the  pre-encapsulated 

dev ice  removed from t h e  press .  

10. Af t e r  t he  pre-encapsulated assembly passes  a series of e l e c t r i c a l  

tests, it is  passed on t o  f i n a l  encapsulation. 



E. FIN.IL ENCAPSULATION PROCEDURE 

For the  f i n a l  encapsula t ion  procedure, the p a r t s  involved a r e  prepared 

as fo l lows .  The ceramic-metal s e a l  is l eak  t e s t e d ,  degreased and baked 

i n  vacuum a t  175OC f o r  4 hours. The molecular s i e v e  is baked a t  least  

16 hours i n  vacuum a t  300OC. then s t o r e d  i n  vacuum a t  150°C. 

The pre-encapsulated assembly i s  

t o  t h e  f i n a l  encapsulation. 

They a r e  

baked i n  a i r  a t  175OC f o r  4 hours p r i o r  

A l l  components i n  t h i s  s e c t i o n  are shown i n  Figure 24. 

Procedure 

1. The molecular s i e v e  i s  placed over the  l e a d s  and sea t ed  i n s i d e  

t h e  i n t e g r a l  case  on the  snap r ing .  

2. The base lead  w i r e  i s  guided through the  base lead  connector as 

t h e  ceramic-metal s e a l  i s  placed over t he  emitter lead  and sea t ed  on the  

weld r ing .  

3. The base lead  w i r e  i s  pinch welded i n s i d e  t h e  connector. 

4. The ceramic-metal seal i s  r e s i s t a n c e  welded t o  in su re  he rme t i c i ty  

of t h e  assembly. 

5. The emitter lead  connector is t hen  crimped i n  p lace .  

6. The device  i s  l eak  t e s t e d  and p l a t e d  w i t h  n icke l .  

The f i n a l  encapsu la t ion  is then  complete and t h e  devices  are ready f o r  

f i n a l  e lec t r ica l  t e s t i n g .  
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V I .  

A. ELECTRICAL TESTING 

TESTING AM) ELECTRICAL RESULTS 

The e l e c t r i c a l  eva lua t ion  of the  t r a n s i s t o r s  f a b r i c a t e d  f o r  t h i s  s tudy 

necess i t a t ed  the  development of s p e c i a l  tes t  c i r c u i t s  because of t h e  

r e l a t i v e l y  high frequency response and f a s t  switching c h a r a c t e r i s t i c s .  

E l e c t r i c a l  c h a r a c t e r i z a t i o n  must be done under p r e c i s e l y  def ined tes t  

condi t ions  t o  o b t a i n  v a l i d  r e s u l t s  without des t roy ing  the  t r a n s i s t o r .  

must be measured on the  tes t  c i r -  For example, and V ~ ~ ~ ( s u s )  
c u i t  shown i n  Figure 25 and not on a c u r v e  t r a c e r .  This  test set  w i l l  

sweep the  t r a n s i s t o r  under t es t  through an  induc t ive  load l i n e  t o  ob ta in  

t h e  s u s t a i n i n g  c h a r a c t e r i s t i c  of t h e  co l l ec to r - emi t t e r  junc t ions .  I n  

ope ra t ion ,  a modest cu r ren t  i s  passed through the t r a n s i s t o r  wi th  an  

inductor  i n  series wi th  the  c o l l e c t o r .  The t r a n s i s t o r  is  then turned 

o f f  very r ap id ly  wi th  reverse b ia s ing  and the  inductor  i s  discharged 

through the  c o l l e c t o r - e m i t t e r  c i r c u i t .  The d ischarge  of t h i s  inductor  

w i l l  sweep the  c o l l e c t o r  t o  a high vol tage  a t  approximately cons tan t  

cu r ren t  i n  the  c o l l e c t o r  u n t i l  breakdown of t h e  co l l ec to r - emi t t e r  junc- 

t i o n  occurs  i n  t h e  s u s t a i n i n g  mode. The s u s t a i n i n g  c h a r a c t e r i s t i c s  are 

determined by observing t h i s  load l i n e  on an osc i l loscope  and reading  

the  maximum vol tage  a t  the  s p e c i f i e d  current .  This equipment i s  a l s o  

capable  of performing VCER s u s t a i n i n g  tests. 

With the  c i r c u i t  shuwn, the  20mH inductor  l i m i t s  t he  energy t o  the  t r a n -  

s i s t o r  by t h e  equat ion  E = L d i /d t .  

depends on the  f t  of the  t r a n s i s t o r .  Attempts t o  measure VCEO(sus) on a 

curve t racer  w i l l  r e s u l t  i n  device f a i l u r e  wi th  no information about t h e  

cond i t ions  which caused the  f a i l u r e .  

The amount of inductance s e l e c t e d  

To o b t a i n  q u a n t i t a t i v e  i n f o m a t i o n  about device f a i l u r e , o t h e r  t es t  pro- 

cedures  a r e  used. 

55 



Clare Mercury-Relay 
Model No. H2P-1004 
or Equiva 1 e nt 

'CEO ( sus ) =Pa 

1 
Ohm 
0.5 

W W 

Channel A 

4 

To 

Oscilloscope 
Model No. 130B 
or Equivalent 

I 

' 25mH Hewlett-Packard I 
1 
1 

111110 
Channel B 

Common 
W 

6V 10 ohms 
1w 

56 



A type of r a t i n g  which is coming i n t o  increased usage i n  t h e  t r a n s i s t o r  

i ndus t ry  is t he  so -ca l l ed  "maximum opera t ing  conditions. ' '  Th i s  r a t i n g  

method is va luab le  because i t  provides information concerning the  a b i l i t y  

of t r a n s i s t o r s  t o  opera te  under pulsed condi t ions  a t  high peak power 

l e v e l s .  as w e l l  as under s t e a d y - s t a t e  DC condi t ions .  

A t  c o l l e c t o r  j unc t ion  vo l t age  l e v e l s  much lower than  t h e  V CEO(su8) l e v e l  

and a t  moderate c u r r e n t  l e v e l s ,  t h e  power r a t i n g  of a t r a n s i s t o r  may be 

determined simply from t h e  maximum permissible junc t ion  temperature and 

t h e  s teady  s t a t e  o r  t r a n s i e n t  thermal impedance. However, a t  h ighe r  

v o l t a g e  and c u r r e n t  l e v e l s ,  it is necessary t o  cons ider  t h e  e f f e c t  of 

c u r r e n t  crowding which may even tua l ly  lead t o  a mode of ope ra t ion  known 

a s  second breakdawn. Although t h e  second breakdown phenomenon is  not 

completely understood, one cause i s  thought t o  be nonuniform b ia s ing  of 

t h e  base-emi t te r  junc t ion ,  owing t o  l a t e r a l  c u r r e n t  flow i n  t h e  base 

region. The r e s u l t i n g  crowding of t h e  c o l l e c t o r  c u r r e n t  produces hot  

s p o t s  and t h e  second-breakdown e f f e c t .  

Second breakdown is  cha rac t e r i zed  by an  abrupt decrease  i n  c o l l e c t o r -  

emitter v o l t a g e  t o  a l a w  l e v e l ,  u s u a l l y  20 v o l t s  or less. Operation i n  

t h i s  mode f o r  a per iod  longer than  seve ra l  microseconds usua l ly  r e s u l t s  

i n  t r a n s i s t o r  degrada t ion  o r  f a i l u r e .  

i s  widely accepted, i t  has l ed  t o  some confusion, s i n c e  t h e  phenomenon is 
not  n e c e s s a r i l y  preceded by f i r s t  (or  avalance) breakdown. 

Although the  term "second breakdown" 

Two g e n e r a l  statements can be made about second breakdown: 

1. It is  always i n i t i a t e d  from a region of r e l a t i v e l y  high d i s s i p a t i o n  

on t h e  c o l l e c t o r  c h a r a c t e r i s t i c  fami ly  of curves. 

2. There i s  a t i m e  l a g  before  i n i t i a t i o n ,  implying a temperature e f f e c t  

and a c r i t i c a l  energy. This  c r i t i c a l  energy i s  a f f e c t e d  by a number of 
f a c t o r s :  VCE, case  temperature, base-emitter b i a s  and t r a n s i s t o r  design. 
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Two d i f f e r e n t  types  of maximum opera t ing  cond i t ions  a r e  commonly s p e c i f i e d  

each having use fu lness  i n  c e r t a i n  app l i ca t ions .  The two types  a r e  d i f -  

f e r e n t i a t e d  by p o l a r i t y  of base-emitter b i a s .  

1. m a r d  Bias 

CE' IC' The maximum ope ra t ing  cond i t ions  f o r  forward b i a s  a r e  def ined  by a V 

t i m e  r e l a t i o n s h i p .  This  r e l a t i o n s h i p  is a pu l se  wi th  a d u r a t i o n  of 1, 2 ,  

5 x seconds. For each pulse  width, a curve may be p l o t t e d  on the  

c o l l e c t o r  family of curves (V vs. IC) which d e f i n e s  a "safe  area" of 

ope ra t ion ,  f r e e  from second breakdown. These curves are obtained from 

s t a t i s t i c a l ,  empi r i ca l  d a t a  of c r i t i c a l  second breakdown condi t ions .  

CE 

The b a s i c  tes t  c i r c u i t  f o r  ob ta in ing  the  forward-biased d a t a  is  shown i n  

F igure  26. It should be noted t h a t  t h e  va lue  of the  cu r ren t  sens ing  

r e s i s t o r ,  RS, is  s u f f i c i e n t l y  low t h a t  i t s  vo l t age  drop is n e g l i g i b l e  i n  

comparison w i t h  V 

genera tor .  

pu lse  genera tor  is i n  the  "off" condition. The load l i n e  f o r  t h i s  tes t  

is shown i n  Figure 27. 

shown i n  F igure  28 .  

Forward b i a s  f o r  t h e  pulse  is suppl ied  by t h e  pu l se  cc 
VBB and SB are s e l e c t e d  t o  provide r eve r se  b i a s  when the  

The genera l  form of t h e  " sa fe  area" curves i s  

2. Reverse Bias 

C The maximum ope ra t ing  condi t ions  f o r  r eve r se  b i a s  may be def ined  by an I 

VS. inductance  r e l a t i o n s h i p .  Th i s  type of r a t i n g  is  based upon ope ra t ion  

i n  an induc t ive  load c i r c u i t  because t h i s  i s  t h e  only p r a c t i c a l  type of 

c i r c u i t  i n  which apprec iab le  amounts of energy are d i s s i p a t e d  i n  a reverse- 

b i a sed  condition. The bas i c  reverse-biased tes t  c i r c u i t  is given i n  

F igure  2 9 .  The wave shapes are shown i n  F igure  30. The ope ra t ion  i s  as 
fo l lows .  The t r a n s i s t o r  is  turned on by the  pu l se  genera tor  f o r  a d u r a t i o n  

of t i m e ,  tl, which is s u f f i c i e n t  t o  allow the  c o l l e c t o r  c u r r e n t ,  IC, t o  

b u i l d  up t o  a s u i t a b l e  va lue ,  11, i n  t h e  inductance,  L. The pulse  genera tor  
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Vol t a p ?  Cornnic ) n Cu rrc n t 

vcc 

Figure 26: Forward Bias Peak Power Test Circuit 

0 Line 

"CE 

Figure 27: Load Line f o r  Forward Bias Peak Power Test 
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Figure 28: Forward Bias Maximum Operating Conditions 

Voltage Common Curre nt 

vcc 

Figure 29: Reverse Bias Peak Power Test Circuit 
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Figure 30: Reverse Bias Peak Power Test Wave Shapes 
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then  tu rns  of f  and the  t r a n s i s t o r  i s  reverse-biased by supply VBB. 
t h e  i n t e r v a l  t2,  the  t r a n s i s t o r  tu rns  o f f ,  and the  energy s to red  i n  the  

inductance is  d i s s i p a t e d  i n  the t r a n s i s t o r .  

load l i n e  f o r  t h i s  t es t  is shown i n  Figure 31. It should be noted t h a t  

most of t he  energy is d i s s i p a t e d  while t he  t r a n s i s t o r ' s  opera t ing  po in t  

i s  i n  the reverse-biased "sus ta in ing  region." As i n  the  previous case ,  

t he  r e s u l t i n g  curves a r e  drawn t o  exclude the  c r i t i c a l  condi t ions  f o r  

second breakdown. The general  form of the  curves i s  shown i n  Figure 32. 

During 

2 This  energy i s  1/2 LI1 . The 

I n  both forward- and reverse-b ias  t e s t i n g ,  the  ob jec t ive  is  comparative 

eva lua t ion  of the  t r a n s i s t o r s  r a t h e r  than the  genera t ion  of a p p l i c a t i o n s  

o r i en ted  r a t i n g s .  

cyc le ,  such t h a t  t he  t r a n s i s t o r s  r e t u r n  t o  thermal equl ibr ium wi th  t h e  

ambient between power pulses .  

convenience. 

The tests a r e  the re fo re  performed a t  a very low duty 

A case temperature of 25°C i s  used f o r  

To permit nondes t ruc t ive  eva lua t ion  of second breakdown, a crowbar c i r c u i t  

t u r n s  off  t he  test set  as vol tage  begins t o  inc rease  rap id ly .  Since t h e  

e p i  base t r a n s i s t o r s  being s tud ied  a r e  extremely f a s t ,  t h i s  c i r c u i t  does 

not  always a f fo rd  absolu te  pro tec t ion .  

form obtained when the  t r a n s i s t o r  is  i n  no danger of second breakdown. 

F igure  33-b shows the  waveform as the t r a n s i s t o r  is  beginning t o  go i n t o  

second break. 

t i v e  r e s u l t s  can be obtained. 

Figure 33-a i l l u s t r a t e s  t he  wave- 

By s topping  the  test a t  t h i s  po in t ,  reproducible  nondestruc- 

A Dynatran, Model 2158, pulsed curve t r a c e r  is used f o r  measurement of high 

c u r r e n t  ga in  and VCE(sat). 

du ty  cyc le  wi th  a c o l l e c t o r  pu lse  ( t r iangu1ar)of  about 150psec. 

supply i s  on about 300psec. wi th  the c o l l e c t o r  pulse  centered i n  t h i s  time 

per iod.  

This  equipment opera tes  on approximately a 1% 

The base 

The u n i t  i s  capable of 85 amps IC a t  4 v o l t s  VcE and may a l s o  be 
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Figure 31: Reverse Bias Peak Power Test Load Line 
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Figure 32: Reverse Bias  Maximum Operating Conditions 
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Figure 33-b 
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programed f o r  vo l t ages  up t o  5000 v o l t s  with cons t an t  E 1  products. The 

c o l l e c t o r  c h a r a c t e r i s t i c s  are d isp layed  on an  i n t e g r a l  o sc i l l o scope  for 

observing t h e  c o l l e c t o r  sweep cyc le .  The base c u r r e n t  is read o f f  a 

peak reading vol tmeter  connected ac ross  a c u r r e n t  shunt i n  s e r i e s  w i t h  

t he  base c i r c u i t  of t he  t r a n s i s t o r  under tes t .  Base cu r ren t  ranges are 

a v a i l a b l e  f o r  0 t o  30 amps. 

a b l e  on e i t h e r  t h e  i n t e g r a l  o sc i l l o scope  o r  a second peak reading v o l t -  

meter connected through a vo l t age  d i v i d e r  t o  the  base and emitter te rmina ls .  

A l l  vo l t age  measurements are made through independent probes t o  e l imina te  

c u r r e n t  lead  r e s i s t a n c e .  Thus, w e  can success fu l ly  measure s a t u r a t i o n  

vo l t ages  i n  t h e  .1 v o l t  range q u i t e  e a s i l y .  

Base-emitter (VBE) vo l t age  i s  also monitor- 

For t e s t i n g  t h e  VCEX leakage of these  t r a n s i s t o r s ,  a 1.5 v o l t  source i s  

connected t o  t h e  base and e m i t t e r  of the t r a n s i s t o r  under tes t  while 

sweeping t h e  c o l l e c t o r  c h a r a c t e r i s t i c s .  The test is performed on approxi- 

mately a 1% duty  cyc le  t o  avoid high d i s s i p a t i o n s  and hea t  s ink ing  prob- 

lems. Voltages and leakage c u r r e n t s  a r e  read  o f f  t h e  i n t e g r a l  o s c i l l o -  

scope i n  t h e  Dynatran equipment. 

Westinghouse designed c i r c u i t .  

Frequency response is measured on a 

The hfe tester u s e s  one-quarter wavelength t ransmiss ion  l i n e s  f o r  i s o l a -  

t i o n  of t h e  power supp l i e s  and a l s o  f o r  t h e  s h o r t  c i r c u i t  load. When a 

q u a r t e r  wavelength of t ransmiss ion  l i n e  (cu t  t o  the  s e l e c t e d  frequency) i s  

shor t ed  on one end wi th  a capac i to r ,  t h e  o t h e r  end approaches an i n f i n i t e  

input  impedance. This  high impedance end i s  connected t o  the  t r a n s i s t o r  

and t h e  c o l l e c t o r  and base b i a s  suppl ies  are i s o l a t e d  from the  RF. A 

q u a r t e r  wavelength t ransmiss ion  l i n e  i s  connected t o  the  c o l l e c t o r - e m i t t e r  

t e rmina l s  wi th  a high impedance RF voltmeter connected t o  the  o the r  end of 

t h i s  t ransmiss ion  l i n e .  Since a qua r t e r  wavelength t ransmiss ion  l i n e  a c t s  

as an  impedance t ransformer ,  t he  c o l l e c t o r - e m i t t e r  is e s s e n t i a l l y  s h o r t -  

c i r c u i t e d  t o  RF cu r ren t .  An inpu t  RF vo l t age  is appl ied  t o  the  base and the  

base RF c u r r e n t  is measured. The output RF c u r r e n t ,  u s ing  t ransmiss ion  l i n e  

theory  i s  iout = Eout/Z0 where Eout i s  t h e  RF output c u r r e n t  and Zo i s  the  
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c h a r a c t e r i s t i c  impedance of t h e  transmission l i n e .  

where io = output RF c u r r e n t  and iin = input RF c u r r e n t .  

product f t  = frequency of measurement mul t ip l i ed  by hfe when t h e  frequency 

of measurements is on the  bdbloctave slope.  

Therefore ,  h fe  = io/iin 

The gain-bandwidth 

A s p e c i a l  swi tch ing  time c i r c u i t  has  been des ign  and cons t ruc ted .  I t  is 

shown schemat ica l ly  i n  Figure 34.  An experimental Westinghouse 100-ampere 

s ing le -d i f fused  t r a n s i s t o r  has been used t o  demonstrate t he  c a p a b i l i t y  of 

measuring swi tch ing  a t :  IB = SA, IC = 75A,  VBB = 1 . 5 V  and Vcc = 12V. A 

pulse  genera tor  wi th  a 2 ampere peak and a 20 nanosecond r ise  t i m e  i s  used 

t o  d r i v e  Q1 -- an experimental t r a n s i s t o r  w i t h  f a s t  swi tch ing  times. With 

Point A of F igure  34 re turned  t o  ground through a noninductive r e s i s t o r ,  a 

5-ampere peak pu l se  c u r r e n t  w a s  measured w i t h  less than 100 nanosecond rise 

and f a l l  times. 

The t o t a l  swi tch ing  time i s  t h e  sum of the de lay  time ( t d ) ,  t h e  rise t i m e  

( tr) ,  t h e  s to rage  t i m e  (t,) and t h e  f a l l  time ( t f )  as shown i n  F igure  35. 

B. ELECTRICAL RESULTS 

The i n i t i a l  phase of t h i s  study involved f a b r i c a t i o n  and eva lua t ion  of 30- 

ampere e p i  base t r a n s i s t o r s  a s  an  empirical  method of op t imiz ing  the  

parameters f o r  t h e  100-ampere t r a n s i s t o r s .  

Tables  I I t h r o u g h V I I I  show t h e  e l e c t r i c a l  r e s u l t s  obtained f o r  t h e  t h r e e  

ranges  o i  base widths f o r  both t h e  punch-through and avalanche conditions.  

F igure  36 i s  a p l o t  of maximum c u r r e n t  (I&) vs. t h e  product of t h e  base 

r e s i s t i v i t y  and t h e  base width (pBWB). The maximum c u r r e n t  i s  a measurement 

obtained by t h e  prev ious ly  descr ibed  peak power t e s t  and is  an i n d i c a t i o n  of 

t h e  re la t ive  s t r e n g t h  of t h e  t r a n s i s t o r .  Whereas the  frequency response has 

a d i r e c t  dependence on the  base width,  as shown by the  graph, t he  peak power 

is  a f f e c t e d  by both base width and r e s i s t i v i t y .  Peak power is obviously 

improved by inc reas ing  base width and/or r e s i s t i v i t y ;  however, t h e  frequency 

requirement determines t h e  upper l i m i t  on the  base width. 

of t h e  base is  determined by t h e  breakdown vo l t age  requirement. For the  

The r e s i s t i v i t y  
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sub jec t  device  t o  a t t a i n  frequency cu tof f  i n  excess  of 20mcs, the  base 

width l i m i t  is d 6 p .  

I n  o rde r  t o  s a t i s f y  the  breakdown and peak power requirements ,  as wel l  

a s  t he  switching speed requirement,  t he  fol lowing condi t ions  were employed 

f o r  l O O A  sample f a b r i c a t i o n :  

pB = 1.5-2.0 ohm-cm 

Tes t  r e s u l t s  are given i n  Table I X .  

Addi t iona l  100-ampere samples were f ab r i ca t ed  using 3-5p base widths and 

.5- .7 ohm-cm base r e s i s t i v i t y .  A 8  expected, the  switching speeds a r e  

f a s t e r  bu t  t h e  vol tage  is somewhat reduced. 

these  samples are given i n  Table X. 

The e l e c t r i c a l  r e s u l t s  of 

I n  both cases, a modi f ica t ion  of c o l l e c t o r  r e s i s t i v i t y  was requi red  t o  

reduce t h e  s a t u r a t i o n  vol tage  of t he  f i n a l  samples. The e l e c t r i c a l  r e s u l t s  

of t he  i n i t i a l  100-ampere wafers wi th  -50 ohm-cm e p i t a x i a l  c o l l e c t o r  i s  

given i n  Table X I .  The r e s i s t i v i t y  of the  e p i t a x i a l  c o l l e c t o r  was reduced 

t o  d10 ohm-cm, thereby reducing the  s a t u r a t i o n  vo l t ages  accordingly.  
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VII. SlJMt$iRY AND RECOMMENDATIONS 

On a previous c o n t r a c t ,  NAS8-5335, a l a r g e  a rea  (22mm diameter) ,  s i n g l e  

u n i t ,  high power (150V x IOOA),  high speed ( 4 ~ s )  t r a n s i s t o r  was developed 

us ing  a m u l t i p l e  e p i t a x i a l  s t r u c t u r e .  I n  t h e  p resent  c o n t r a c t ,  t he  

r e l i a b i l i t y  performance, t h a t  i s ,  secondary breakdown under peak power 

operat ion,  was r e l a t e d  t o  t h e  design parameters. I n  a d d i t i o n ,  means t o  

c w r e l a t e  device q u a l i t y  with m a t e r i a l  p e r f e c t i o n  and process  c o n t r o l  

were e s t a b l i s h e d  by using nondestruct ive X-ray d i f f r a c t i o n  techniques.  

Although i t  i s  beyond t h e  scope of t h e  present  c o n t r a c t  t o  f u l l y  apply 

these  techniques i n  t h e  f i r s t  generat ion devices,  i t  i s  s t r o n g l y  recom- 

mended t h a t  t he  b a s i c  des ign ,  t h e  new processes ,  t h e  m a t e r i a l  and eva l -  

u a t i o n  techniques should be i n t e g r a t e d  and appl ied  t o  the  establ ishment  

of a t r a n s i s t o r  technglogy wi th  b u i l t - i n  r e l i a b i l i t y  p o t e n t i a l .  

For l a r g e  a r e a  devices ,  t he  need f o r  s t r i n g e n t  c o n t r o l ,  r e p r o d u c i b i l i t y  

and m a t e r i a l  and process  eva lua t ion  a r e  obvious. I n  view of problems such 

as "pipes," high temperature processing s t r a i n s ,  crystal  inc lus ions ,  e tc . ,  

t h e  s u c c e s s f u l  implementation of t h e  recommended development should 

advance t h e  semiconductor technology t o  a new l e v e l  of performance and 

r e l i a b i l i t y .  
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